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Summary
Background: Control of mitotic cell cycles by the anaphase-
promoting complex or cyclosome (APC/C) ubiquitin ligase
depends on its coactivators Cdc20 and Cdh1. APC/CCdc20
is active during mitosis and promotes anaphase onset by
targeting mitotic cyclins and securin. APC/CCdh1 becomes
active during mitotic exit and has essential targets in G1
phase. It is not known whether targeting of substrates by
APC/CCdh1 plays any role in the final stages of mitosis. Here,
we have investigated the role of APC/CCdh1 at this time in
the cell cycle by using siRNA-mediated depletion of Cdh1 in
human cells.
Results: In contrast to the current view that Cdh1 takes over
from Cdc20 at anaphase, we show that reduced Cdh1 levels
have no effect on destruction of many APC/C substrates
during mitotic exit but strongly and specifically stabilize
Aurora kinases. We find that APC/CCdh1 is required for assem-
bly of a robust spindle midzone at anaphase and for normal
timings of spindle elongation and cytokinesis. The effect of
Cdh1 siRNA on anaphase spindle dynamics requires Aurora
A, and its effect can be mimicked by nondegradable Aurora
kinase.
Conclusions: Targeting of Aurora kinases at anaphase by
APC/CCdh1 participates in the control of mitotic exit and
cytokinesis.
Introduction
Mitotic cell division requires segregation of duplicated
chromosomes and coordinated partitioning of the cell by cyto-
kinesis into two daughter cells with identical complements of
chromosomes. Key to this process in all eukaryotic cells is the
anaphase-promoting complex or cyclosome (APC/C), a multi-
subunit ubiquitin ligase that targets substrates for ubiquitina-
tion and subsequent destruction by the 26S proteasome [1,
2]. The accurate segregation of chromosomes at anaphase re-
quires the timed, APC/C-dependent destruction of anaphase
inhibitors securin and mitotic cyclins. Subsequent mitotic exit
and cytokinesis are accompanied by destruction of many ad-
ditional substrates of the APC/C [3], but the significance of
these destruction events is mostly unknown.
The activity of APC/C in somatic cell cycles is dependent on
two WD40-repeat-containing coactivator proteins, named
*Correspondence: acl34@cam.ac.uk
2Present address: Department of Genetics, University of Cambridge, Down-
ing Street, Cambridge CB2 3EH, UKCdc20 and Cdh1 after their budding yeast homologs. These
associate with the APC/C at different times in the cell cycle.
Cdc20 interacts with the APC/C at mitotic entry and is regu-
lated by the spindle checkpoint for control of anaphase onset.
Cdh1 activates the APC/C during interphase and is required in
G1 for maintaining low levels of mitotic cyclins and preventing
unscheduled accumulation of S phase-promoting activities
[4–8]. Because the interaction of Cdh1 with the APC/C is
negatively regulated by mitotic cyclin-dependent kinase
(cdk) phosphorylation of Cdh1 on multiple sites, APC/CCdh1
is thought to become active at anaphase onset, once cyclin
B1 has been destroyed. Targeting of Cdc20 by APC/CCdh1 is
thought to complete the switch from APC/CCdc20 to APC/
CCdh1 during mitotic exit.
Entry into anaphase is accompanied by a broadening of
APC/C-substrate specificity that is usually attributed to the
activation of APC/CCdh1, in line with the idea that Cdc20 and
Cdh1 are involved in substrate recognition. Whereas APC/
CCdc20 targets substrates containing a D-box destruction
motif, APC/CCdh1 can additionally target substrates containing
alternative motifs, such as the KEN box, and shows less sub-
strate specificity in vitro [9]. Current models propose that
Cdc20 and Cdh1 participate in the formation of stable ternary
complexes with substrate and APC/C to influence the proces-
sivity of multiubiquitination on substrates (reviewed in [2]). This
in turn should determine the efficiency with which substrates
are processed by the 26S proteasome for destruction. Indeed,
it has been proposed that the ordering of substrate destruction
seen at anaphase [10] could be generated by differences in the
processivity of ubiquitination reactions carried out on different
substrates by APC/CCdh1 [11].
In mammalian cells, the mitotic regulators Polo-like kinase-1
(Plk1) and members of the Aurora kinase family are among
APC/C substrates destroyed during anaphase [10, 12]. All
play multiple essential roles in mitosis. Aurora A associates
strongly with the mitotic spindle poles throughout mitosis,
whereas Aurora B, the enzymatic component of the chromo-
some passenger complex (CPC) [13], shows dynamic localiza-
tion through mitosis. At anaphase, both Plk1 and the CPC are
recruited to the spindle midzone, an antiparallel microtubule
array (also known as the central spindle) that assembles be-
tween the segregated chromosomes, where they play essential
roles in the organization of cytokinesis signals. These signals
are delivered to the overlying cortex at the cell equator, leading
to an accumulation of active RhoA that triggers actomyosin
contraction in the cleavage furrow. Delivery of cytokinesis
signals to the equatorial cortex critically requires microtubules
of the anaphase spindle [3, 14].
There is no evidence that destruction of anaphase-specific
APC/C substrates is essential for mitotic exit. However, be-
cause the APC/C is critical for the proper execution of events
earlier in mitosis, it has proved difficult to investigate the impor-
tance of the mitotic activity of the APC/C after anaphase entry.
Here, we have used siRNA-mediated knockdown of Cdh1 in
cells synchronized at mitosis to investigate the role of APC/C
activity after anaphase onset in human cells. We have found
that the activation of APC/CCdh1 is unlikely to account for the
targeting of many APC/C substrates at anaphase. Instead,
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kinases during mitotic exit to regulate different aspects of mi-
totic exit. We show for the first time that APC/CCdh1 is involved
in control of mitotic exit in animal cells.
Results
Cdh1 siRNA Specifically Stabilizes Aurora Kinases
during Mitotic Exit
We have shown previously that there is ordered proteolysis of
mitotic regulators during exit from mitosis in human cells [10].
GFP-tagged Plk1 and Aurora A are both degraded at ana-
phase, and the timing of their degradation suggests that they
are substrates for the Cdh1-associated form of the APC/C
in vivo; moreover, both Plk1 and Aurora A have been shown
to be substrates for APC/CCdh1 in vitro [11, 15]. To test directly
whether Cdh1 targets these regulators for destruction at ana-
phase, we examined levels of different APC/C substrates dur-
ing mitotic exit in cells depleted of Cdh1 by siRNA treatment.
Using double-stranded RNA oligo previously shown to give
efficient knockdown of expression [16], we routinely obtained
more than 95% depletion of Cdh1 (Figure S1 available online).
siRNA directed against a different sequence in Cdh1 was less
efficient but gave similar results where tested (Figure S1 and
data not shown). To analyze substrate degradation during
mitotic exit, we synchronized HeLa cells at G1/S and treated
them with siRNA before harvesting mitotic cells arrested with
the microtubule poison nocodazole. After we washed out
nocodazole, cells exited mitosis, and we collected samples
at different times for analysis of substrate levels. Mitotic-index
measurements of parallel samples (Figure S2) and flow-cytom-
etry profiles (data not shown) showed that exit from mitosis
was complete 2 hr after release from nocodazole. Surprisingly,
our immunoblot analyses showed that whereas Aurora A was
clearly stabilized by Cdh1 knockdown during the first 4 hr after
nocodazole release, Plk1 appeared to be degraded as normal
(Figure 1A). This result indicated that Cdh1 might not be
involved in targeting Plk1 for destruction by the APC/C. How-
ever, we also considered the possibility that Plk1 could be a
much better substrate for the APC/C than Aurora A (as sug-
gested by Rape and colleagues [11]) and that incomplete
depletion of Cdh1 would allow degradation of Plk1, but not
Aurora A. To look at this question more closely, we turned to
live-cell degradation assays. We injected cDNAs encoding
YFP-tagged versions of Aurora A and Plk1 into G2 phase HeLa
cells transfected with siRNA oligos. Quantification of fluores-
cence levels in mitotic cells showed that Aurora A-YFP degra-
dation was always blocked by Cdh1 siRNA treatment (Figures
1B and 1E). Coinjection of a plasmid encoding siRNA-resistant
Cdh1 gave partial but significant rescue of Aurora A-YFP deg-
radation in Cdh1 siRNA-treated cells (Figure 1E), consistent
with the conclusion that Aurora A stabilization resulted from
Figure 1. Targeting of Aurora Kinases by APC/
CCdh1 during Mitotic Exit
(A) Synchronized HeLa cells, mock treated (‘‘M’’)
or treated with siRNA against control (GAPDH,
‘‘G’’) or Cdh1 (‘‘C’’) sequences, were released
from nocodazole at t = 0. Samples were taken
at the time points indicated for immunoblot anal-
ysis. The blots shown are typical of at least three
separate experiments.
(B and C) Synchronized HeLa cells treated with
siRNA against control (GAPDH) or Cdh1 se-
quences were injected in G2 phase with plasmids
encoding Aurora A-YFP (B) or YFP-Plk1 (C) and
imaged through mitosis. Fluorescence levels in
individual cells were measured and plotted
against time. Graphs shown are typical of the
experiments summarized in (E).
(D) Synchronized HeLa cells treated with siRNA
against APC3 sequences were coinjected in G2
phase with plasmids encoding Aurora A-YFP
and CFP-Plk1. The graph shown is typical of at
least five cells from two separate experiments.
(E) Histograms summarizing substrate degrada-
tion in different experiments (level of fluorescent
protein remaining 90 min after anaphase,
expressed as percentage of the level before
anaphase onset). For the ‘‘Cdh1 siRNA same
cell’’ experiment, Aurora A-YFP and CFP-Plk1
were coexpressed in single cells (see Movie S1).
For the siRNA-rescue experiment, cells were pre-
pared as in (B), except that Aurora A-YFP plasmid
was coinjected with a plasmid encoding an
siRNA-resistant version of Cdh1, Cdh1-SR
(‘‘rescue’’), or with empty vector (‘‘mock rescue’’).
The minimum number of cells analyzed in each
experiment is indicated, and data were collected
from at least two separate experiments. Error
bars indicate standard deviations.
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explained by the fact that exogenous expression of Cdh1 in
this assay tends to block mitotic entry (C.L., unpublished
data). Measuring substrate degradation in single cells, we con-
firmed that YFP-Plk1 degradation at anaphase was never sen-
sitive to Cdh1 siRNA (Figures 1C and 1E and Movie S1). Finally,
we examined the degradation of CFP-Plk1 and Aurora A-YFP in
live cells partially depleted for the APC3 subunit of the APC/C
(D. Izawa and J.P., unpublished data). We found that CFP-Plk1
and Aurora A-YFP degradation were both sensitive to reduced
levels of APC3 (Figure 1D). Thus, YFP-Plk1 is indeed a sub-
strate for the APC/C at anaphase, but whereas Cdh1 is criti-
cally required for Aurora A targeting by the APC/C during mi-
totic exit, it is not rate limiting for Plk1 at this time.
We then examined the levels of other mitotic regulators
previously shown to be substrates for Cdh1 (reviewed in [9])
by comparing immunoblots from control and Cdh1-depleted
cells exiting mitosis. With the exception of Aurora B (Figure 1A),
all of the additional substrates we examined—including Cdc20,
TPX2, survivin, and PRC1—were degraded equally well during
mitotic exit of cells transfected with Cdh1 or control siRNA
(Figure S3). We further confirmed in live-cell assays that the
destruction of YFP-Cdc20 during mitotic exit, like that of
YFP-Plk1, is insensitive to reduced Cdh1 levels (Figure S4).
Finally, we examined substrate degradation during mitotic
exit of nontransformed, telomerase-immortalized human reti-
nal pigment epithelial (hTERT-RPE) cells released from mitotic
arrest with the reversible Eg5 inhibitor dimethylenastron.
Under these conditions, hTERT-RPE cells exit mitosis rapidly
(Figure S2) and re-enter S phase 8–10 hr later (data not shown).
Samples taken at early time points (up to 2 hr after release)
showed that Aurora kinase was stabilized by Cdh1 depletion
during mitotic exit in hTERT-RPE cells, whereas Plk1 was not
(Figure S5), in agreement with our findings in HeLa cells.
However, at later time points (4–8 hr), we found that other sub-
strates, including Plk1, started to accumulate, consistent with
a role for Cdh1 in keeping levels of these mitotic regulators low
in G1 phase [8, 17, 18].
Cdh1 siRNA Alters the Timing of Cytokinesis
We examined time-lapse recordings of Cdh1 siRNA-treated
cells for indications that Cdh1 might play a role during mitotic
exit. We measured the time taken from anaphase onset to
when the cleavage furrow completed ingression and found
that, after knockdown of Cdh1, this time was reduced from
17.4 6 2.0 min (mean 6 SD) to 14.4 6 1.6 min in HeLa cells
(n R 20, p < 0.0001) and from 9.5 6 1.6 min to 7.6 6 1.4 min
(n R 34, p < 0.0001) in hTERT-RPE cells (Figure 2A). We also
observed that cleavage-furrow ingression was more likely to
be asymmetric in Cdh1 siRNA-treated cells (data not shown).
Finally, we observed that sister-chromatid segregation toward
the spindle poles, which depends on anaphase-specific regu-
lation of microtubule dynamics, occurred more rapidly after
depletion of Cdh1 in both hTERT-RPE and HeLa cells (Fig-
ure 2B and data not shown). We concluded that APC/CCdh1
participates in the specification and ingression of the cleavage
furrow and that this activity might reflect a role for APC/CCdh1
in regulating microtubule dynamics at anaphase.
Cdh1 Participates in Anaphase Spindle Organization
In order to examine the participation of APC/CCdh1 in microtu-
bule-associated events, we generated HeLa cells stably
expressing YFP-a-tubulin to allow observation of the mitotic
spindle in real time. We found that Cdh1 siRNA treatmentstrongly interfered with reorganization of the mitotic spindle
during anaphase (Movies S2 and S3). First, spindle poles sep-
arated more rapidly at anaphase in most Cdh1 siRNA-treated
cells (Figure 2C). Second, we found that reduced levels of
Cdh1 prevented the assembly of a robust spindle midzone
(Figure 2D). Profiling of YFP-tubulin intensity along the axis
of anaphase cells showed that Cdh1 siRNA-treated cells had
a reduced density of microtubules in the spindle midzone,
whereas YFP-tubulin persisted strongly at the spindle poles
(Figure 2D). Microsurgery experiments have demonstrated
that elongation of the anaphase spindle in mammalian cells
requires pulling forces mediated by the microtubule asters
and is restrained by the midzone [19]. Therefore, the rapid
spindle elongation that accompanies Cdh1 siRNA treatment
could reflect the persistence of microtubule-stabilizing activi-
ties at the spindle poles, weakening of the midzone, or both.
Because previous work from other groups had shown that
residual cyclin B1 can give rise to overelongation of the
anaphase spindle and delayed disassembly of spindle poles
[20, 21], we tested the possibility that the effects of Cdh1-
knockdown resulted from stabilization of a small fraction of
cyclin B1 at anaphase. However, we found that Cdh1 siRNA
treatment had no effect on anaphase degradation of cyclin
B1 (Figure S4) and that treatment of Cdh1-knockdown cells
with a specific inhibitor of mitotic cdk activity did not rescue
the loss of spindle-midzone microtubules seen in YFP-tubulin
cells (Figure 2E, upper panels). Therefore, we concluded that
residual mitotic cyclin-cdk activity did not mediate the effects
of Cdh1 depletion. We also examined whether APC/CCdh1-
mediated proteolysis was required at anaphase (or whether
ubiquitination might be sufficient) by treating YFP-tubulin cells
with an inhibitor of the proteasome shortly before anaphase
entry. We found that it was possible to mimic effects of Cdh1
depletion with this inhibitor (Figure 2E, lower panels), indicat-
ing that normal spindle organization during anaphase involves
proteolysis of APC/C Cdh1-dependent substrates.
Aurora A Kinase Mediates the Effect of Cdh1
Depletion at Anaphase
Because Cdh1-depletion had the greatest effect on stabilizing
Aurora kinases, we tested whether these were the key Cdh1 tar-
gets responsible for defective anaphase spindle organization in
Cdh1 siRNA-treated cells. First, we treated Cdh1-knockdown
cells with the Aurora kinase inhibitor ZM447439 at mitosis
and monitored anaphase in real time. We found that oversepa-
ration of sister chromatids was blocked in cells treated with the
inhibitor before anaphase onset (Figure S6), but this effect was
accompanied by problems in segregation of sister chromatids
and by cytokinesis failure. Therefore, we developed a different
approach, examining anaphase spindle profiles in YFP-a-tubu-
lin cells expressing CFP-tagged Aurora A, a nondegradable
version of Aurora A (Aurora A D32–66 [22]), or a C-terminally
tagged Aurora B (that cannot be degraded efficiently during
mitotic exit; C.L., unpublished data). We found that exogenous
expression of these Aurora kinases could mimic the effects of
Cdh1 siRNA treatment (Figures 3A and 3B). Although all gave
rise to disorganized spindle midzones (Figure 3A) and overe-
longation of the anaphase spindle (Figure 3B), nondegradable
versions had the most pronounced effect.
Conceivably, the effect of nondegradable Aurora kinase on
the anaphase spindle might be an indirect effect of inhibiting
APC/CCdh1activity; therefore,wemeasuredthedegradationofa
Cdh1 substrate (Aurora A-YFP) coinjected with nondegradable
Aurora A-CFP (ndAurora A-CFP) or Aurora B-CFP. Aurora
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A-CFP (Figure 3C and Figure S7), confirming that APC/CCdh1
activity is normal in the presence of stabilized Aurora A.
In contrast, we found that Aurora A-YFP degradation was
affected by the presence of excess Aurora B-CFP (Figure 3D
and Figure S7). The inhibition we saw also occurred with a
Figure 2. Cells with Reduced Cdh1 Levels Show Disorganized Anaphase and Accelerated Cytokinesis
(A and B) Mitotic hTERT-RPE cells from unsynchronized cultures treated with control or Cdh1 siRNA were imaged by differential interference contrast mi-
croscopy (DIC) every 30 s.
(A) Selected frames from representative movies show the shorter time taken from anaphase onset to complete ingression of the furrow (indicated by
arrowheads) in Cdh1 siRNA-treated cells (7.6 min 6 1.4 min) compared to control cells (9.5 min 6 1.6 min). Times after anaphase are shown in min:sec.
(B) Sister-chromatid separation in cells analyzed in (A) was measured as the distance between the segregating chromosome masses visible by DIC. Graphs
show mean distances in at least ten cells, with error bars showing standard deviations.
(C–E) HeLa cells stably expressing YFP-a-tubulin were treated with control or Cdh1 siRNA oligos and imaged at mitosis.
(C) Spindle elongation during mitotic exit, plotted as the distance between the spindle poles, is more rapid in Cdh1 siRNA-treated cells. Data from individual
cells are plotted. t = 0 is the frame before separation of sister chromatids is visible by DIC.
(D) Metaphase and anaphase images of YFP-a-tubulin cells are displayed as maximum projections of deconvolved stacks. YFP fluorescence in mitotic
spindles was quantified along an axis through the spindle poles and plotted as a function of distance for comparison of the distribution of microtubules
in metaphase and anaphase cells (left-hand panels). The profiles shown are typical of at least three sets of measurements. In further examples of anaphase
cells (right-hand panels), arrows indicate the weak spindle midzone in Cdh1-depleted cells, whereas arrowheads indicate brighter spindle poles.
(E) Control and Cdh1 siRNA-treated YFP-a-tubulin cells were treated with the Cdk1,2 inhibitor alsterpaullone (100 nM) or with the proteasome inhibitor
MG132 (40 nM) for 3 min prior to anaphase onset. Images were processed and analyzed as in (D).
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(A) HeLa YFP-a-tubulin cells were transiently transfected with CFP or CFP-tagged versions of Aurora A, Aurora A D32–66 (ndAurora A), and Aurora B.
Representative images were processed and analyzed as in Figure 2, with fluorescence profiles through each cell showing that ndAurora A-CFP and Aurora
B-CFP give rise to weaker spindle midzones compared to CFP or Aurora A-CFP (indicated by arrows). Graphs shown are typical of at least three sets of
measurements.
(B) Spindle elongation of anaphase cells shown in (A), plotted as pole-pole distances in anaphase, normalized for pole-pole distance at metaphase. t = 0 is
the frame when sister-chromatid separation is first visible. At least five cells from two experiments were analyzed for each curve; error bars show standard
deviations.
(C and D) Synchronized HeLa cells were coinjected in G2 phase with plasmids encoding Aurora A-YFP and different CFP-tagged constructs. Cells were
imaged through mitosis, and fluorescence levels in individual cells were quantified over time. Quantifications from individual cells expressing Aurora
A-YFP and ndAurora A-CFP (C) and Aurora A-YFP and Aurora B-CFP (D) are shown, and data collected from different experiments are shown as histograms
in Figure S7.
(E and F) Sister-chromatid separation in cells treated with Aurora A or control siRNA and synchronized at mitosis.
(E) Aurora A siRNA cells were injected with siRNA-resistant Aurora A-CFP or ndAurora A-CFP or with CFP alone (‘‘mock-rescued’’). Sister-chromatid
separation at anaphase was compared with that of uninjected Aurora A siRNA cells and control (GAPDH) siRNA-treated cells.
(F) Cells were treated with 100 nM siRNAs as indicated, adjusted with GAPDH siRNA to the same total concentration in each dish.
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ure S7) that caused overelongation of the anaphase spindle
when expressed in HeLa YFP-tubulin cells (data not shown).
Therefore, blocking the destruction of Aurora A at anaphase
may be sufficient to prevent proper anaphase spindle organi-
zation, although we cannot exclude from these studies the
possibility that excess Aurora B activity also influences spindle
organization at anaphase. However, we note that Aurora A
appears to be degraded earlier than Aurora B ([10] and Fig-
ure 1), consistent with our idea that Aurora A is the critical
target of APC/CCdh1 at anaphase onset.
We tested this idea further by using siRNA directed against
Aurora A to reduce levels of the endogenous protein (Figure S1).
As previously described by others [24], we found that Aurora
A-knockdown cells were delayed at prometaphase, whereas
cells reaching anaphase frequently had spindles with extra
poles. In the fraction of cells to reach bipolar anaphase (prob-
ably those in which Aurora A knockdown was least efficient),
sister-chromatid separation was not significantly different
from that in control siRNA-treated cells (Figure 3E). However,
microinjection of G2 phase cells with siRNA-resistant versions
of Aurora A-CFP was able to rescue prometaphase delay (data
not shown). In these cells, we measured increased separation
of sister chromatids at anaphase, with the nondegradable
form of Aurora A-CFP eliciting the stronger effect (Figure 3E).
Using Aurora A siRNA, we tested whether it was possible to
‘‘rescue’’ the overelongation of the anaphase spindle seen in
Cdh1-knockdown cells by simultaneous reduction in Aurora
A levels. We found that Aurora A siRNA did indeed limit the
separation of sister chromatids at early anaphase in Cdh1
siRNA-treated cells (Figure 3F), confirming that Aurora A is a
likely mediator of anaphase spindle defects seen in Cdh1-
knockdown cells. The incomplete rescue seen at later stages
of mitosis may indicate incomplete knockdown of Aurora A in
those cells achieving bipolar mitosis or participation of other
Cdh1 targets later in mitosis. However, we concluded that
the role of Cdh1 in anaphase spindle organization involves
targeting of Aurora A for destruction early in anaphase.
Aurora A Persists at Spindle Poles in Cdh1-Depleted Cells
We investigated the fate of stabilized Aurora kinases during
anaphase and cytokinesis by examining the distribution of
endogenous Aurora kinases in Cdh1-depleted cells. We carried
out immunofluorescence analysis on populations of synchro-
nized cells in which all stages of mitosis were represented (Fig-
ures 4 and 5). In mitotic stages up to and including metaphase,
Cdh1- and control siRNA-treated cells appeared identical with
every antibody tested (Figure 4A, Figure S8, and data not
shown). However, from mid-anaphase onward, we found that
Aurora A staining persisted more strongly at the spindle poles
in Cdh1 siRNA-treated cells than in control cells (Figure 4A),
and it was still prominent at the centrosomes in telophase
and G1 phase in these cells (Figure 4B, indicated by arrow-
heads). This persistence of Aurora A correlated with increased
density of astral microtubules at anaphase, indicating that
destruction of Aurora A may be required for proper regulation
of astral microtubules at this time. The persistence of microtu-
bule asters in telophase and G1 suggests that destruction of
Aurora A is required for the transition from mitotic to interphase
microtubule dynamics. The molecular mechanisms of spindle-
pole disassembly during mitotic exit are not well understood.
However, assembly of the spindle poles in early mitosis is
known to require activation of Aurora A and its recruitment
onto the spindle by its mitotic binding partner TPX2 [25]. Wefound increased retention of TPX2 at spindle poles and around
centrosomes of Cdh1 siRNA-treated cells from anaphase
through to G1 (Figure S8), consistent with the idea that removal
of TPX2 from the spindle during mitotic exit is assisted by the
destruction of Aurora A. Active Aurora A at the spindle poles
phosphorylates TACC proteins, leading to stabilization of
microtubules at the spindle poles through loading of ch-TOG
(also known as XMAP215 or Msps) [26, 27]. However, although
we found some retention of chTOG at the spindle poles in late
anaphase or telophase, we could find no evidence of persistent
TACC3 phosphorylation (data not shown). We examined ana-
phase cells for evidence of increased microtubule nucleation
from spindle poles in the absence of Cdh1, but we found no
difference in staining for EB1 (associated with the growing
plus ends of microtubules) (Figure S8), suggesting that Cdh1
depletion stabilizes existing microtubules at spindle poles
rather than promoting new growth. We concluded that Cdh1
regulates the activity of spindle poles during mitotic exit
through a mechanism that involves destruction-dependent
removal of Aurora A from the poles at anaphase. The targets
of Aurora A at this time in the cell cycle are not known.
Aurora B Distribution Is Altered in Cdh1-Depleted Cells
We examined the localization of Aurora B in fixed cells and
found this to be strongly disrupted at anaphase in Cdh1-knock-
down cells, both HeLa and hTERT-RPE (Figures 5A and 5B and
Figure S9). In unperturbed anaphase cells, Aurora B localizes to
the spindle midzone along with many of the known regulators
of cytokinesis. These include the Rho GTPase-activating pro-
tein (RhoGAP) hsCyk4, the Rho guanine nucleotide exchange
factor (RhoGEF) Ect2, and microtubule motors and MAPs
involved in organizing the midzone (such as Mklp1, Mklp2,
PRC1, and KIF4) (reviewed in [3]). hsCyk4 is localized to the
midzone in a complex with the kinesin6 motor Mklp1 (also
known as ZEN4 or CHO1), a complex named ‘‘centralspindlin.’’
Centralspindlin is a substrate for Aurora B [28], but it is not clear
that this phosphorylation event represents the essential func-
tion of Aurora B in cytokinesis. A further, minor population of
Aurora B is frequently detected in the region of the equatorial
cortex throughout anaphase, and it is unaffected by disruption
of the midzone [29, 30].
In Cdh1-knockdown anaphase cells, we found that—consis-
tent with our results from live cells—the spindle midzone was
much weaker than in control cells. No Aurora B, or very little,
localized to the midzone. Instead, we found that Aurora B
was strongly localized to a very diffuse punctate band in the
region of the equatorial cortex (Figures 5A and 5B; see also
survivin-GFP in Movies S6 and S7). However, later in ana-
phase, Aurora B localization to the cleavage furrow in Cdh1-
depleted cells was indistinguishable from that of controls,
and midbody localization of Aurora B was always seen from
telophase onward (Figure 5A). The altered localization of
Aurora B in early anaphase was also seen after brief treatment
of cells with an inhibitor of the 26S proteasome prior to fixation
(Figure 5C), confirming that ubiquitin-mediated destruction of
an APC/CCdh1 substrate at anaphase is required for localiza-
tion of Aurora B to the spindle midzone.
We investigated whether the population of Aurora B at the
cortex was still associated with the CPC. Other members of
this complex, notably inner centromere protein (INCENP) and
survivin, cooperate to activate Aurora B and target it earlier
in mitosis. We found that both survivin-GFP in live cells and
INCENP in fixed cells (Figure S10 and Movies S4–S7) showed
the same pattern of relocalization away from the spindle in
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HeLa cells synchronized and processed for immunofluorescence analysis were stained for Aurora A (shown in red) and counterstained for b-tubulin (shown
in green). Images shown are projections of Z stacks onto a single plane. Aurora A fluorescence was quantified along an axis through the spindle pole(s) of
each cell and plotted as a function of distance (lower panels) for comparison of the distribution of fluorescence between control- and Cdh1-knockdown
cells. Graphs shown are typical of at least three such sets of measurements, and they show persistence of Aurora A (indicated by arrowheads) at the spindle
poles in late anaphase (A) and at centrosomes in telophase or G1 (B) in Cdh1-knockdown cells. Prominent astral microtubules in these cells are indicated by
arrows.Cdh1-depleted cells, and we found that INCENP colocalized
with Aurora B at the equatorial cortex (Figure S10). Therefore,
Aurora B at the equatorial cortex appears to be part of the
CPC. Localization of Aurora B to the spindle midzone at ana-
phase is mediated by Mklp2 [31]. We examined the localization
of Mklp2 and found that it too was localized strongly to the
equatorial cortex in Cdh1-knockdown cells (Figure 5D). In
contrast, Mklp1 (centralspindin) remained at the midzone (Fig-
ure 5D), as did PRC1 (Figure S11) and Plk1 (data not shown).Finally, we confirmed that the appearance of active RhoA in
the cleavage furrow was unchanged (Figure S11). Therefore,
in the absence of Cdh1 activity, Mklp2 does not support the
bundling of microtubules at the midzone. Mklp1 bundles are
present and allow assembly of a weak spindle midzone suffi-
cient to drive execution of cell division. We propose that
APC/CCdh1-mediated control of the relocalization of an
Mklp2-CPC complex to the spindle midzone contributes to
the timing of cytokinesis.
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We have analyzed the destruction of APC/C substrates as cells
exit mitosis, and our results contrast with the widely held
assumption that the change in substrate specificity of the
APC/C during mitotic exit can be attributed to the switch
from APC/CCdc20 to APC/CCdh1. We have found that
destruction of Aurora kinases is sensitive to siRNA-mediated
knockdown of Cdh1 expression at anaphase, whereas other
substrates (such as Plk1) are degraded with normal timing.
Figure 5. Aurora B Kinase Is Mislocalized in the Absence of Cdh1
(A) Synchronized HeLa cells fixed and stained for Aurora B (green)
and b-tubulin (red) and shown as projections of Z stacks onto a
single plane.
(B and C) Projections of Z stacks of anaphase cells and single
images from the top and middle of the stacks showing the altered
distribution of Aurora B in the cell.
(B) HeLa cells treated with control or Cdh1 siRNA.
(C) Control cell and cell treated with 40nM MG132 for 5 min prior to
fixation.
(D) Fixed cells costained for Mklp1/CHO1 (red) and Mklp2 (green)
showing the specific relocalization of Mklp2 in Cdh1-knockdown
cells.
Recently published work from Malumbres and col-
leagues examining substrate degradation in primary
cells from Cdh12/2 mice confirms that the absence of
Cdh1 has very much more pronounced effects on levels
of Aurora A than on Plk1 or Cdc20 [18]. We conclude that
Cdh1 does not become rate limiting for the targeting of
many APC/C substrates until cells return to interphase.
Instead, we propose that APC/CCdc20 and APC/CCdh1
are both active in anaphase cells. Changes to sub-
strates—or to the APC/C—at anaphase could contribute
to altered substrate selection at this time, for example,
by allowing APC/CCdc20 to recognize new substrates
or by promoting direct interaction of the APC/C with
substrates, as has been demonstrated to occur for cy-
clin B1 and Nek2A [32, 33]. In this latter case, the roles
of Cdc20 and Cdh1 as activators of the APC/C at ana-
phase might be interchangeable, and their roles as sub-
strate-recognition factors might be restricted to a small
group of substrates, as reflected by the strong require-
ment for Cdh1 in targeting of Aurora kinases. Further-
more, we note that depletion of Cdh1 does not stabilize
Cdc20 at anaphase. This finding argues against a
‘‘switch’’ from Cdc20- to Cdh1-driven forms of the
APC/C at anaphase, supporting instead the idea that
APC/CCdc20 and APC/CCdh1 coexist and play distinct
roles in anaphase cells.
We further investigated the role of APC/CCdh1 at ana-
phase and found that it participates in anaphase spindle
dynamics and in timing cytokinesis. Our examination of
anaphase spindle organization in cells with reduced
Cdh1 levels revealed (1) overseparation of spindle poles
at anaphase, with (2) reduced microtubule density and
organization at the spindle midzone, (3) exaggerated
microtubule asters in late mitosis, and (4) persistence
of centrosome-associated microtubules from telophase
onward. The presence of stabilized astral microtubules
in the region of the equatorial cortex may be sufficient
to explain the early timing of cytokinesis in these cells
[34, 35].
Further experiments indicated that the roles of Cdh1 in
anaphase spindle organization are mediated through targeting
of Aurora kinases for degradation. Expression of either GFP-
tagged Aurora A or Aurora B could give rise to all of the ob-
served effects (1)–(4). Importantly, we found that a nondegrad-
able version of Aurora A was more potent than wild-type Aurora
A and that overexpression of GFP-tagged Aurora B was effec-
tive in blocking degradation of Aurora A. One interpretation of
these results is that stabilization of Aurora A is sufficient to me-
diate the effects of Cdh1 siRNA. Another possible
APC/CCdh1 Targets Aurora Kinase
1657interpretation is that the Aurora kinases have some overlapping
substrate specificity in the cell, especially when dysregulated.
In budding and fission yeasts, there is a single Aurora kinase
(Ipl1, Ark1) that mediates the collective functions attributed to
Aurora kinases in higher eukaryotes. It is likely that stabilized
(or overexpressed) Aurora kinases (that is, nondegradable
Aurora A or Aurora B-GFP) could share effectors contributing
to the regulation of microtubule dynamics during mitotic exit.
Although we do not know the exact timing of Aurora B
degradation (given that Aurora B-GFP is stable in single-cell
degradation assays; C.L., unpublished data), our immunoblot
analyses indicate that Aurora B is degraded later than Aurora
A. This makes Aurora A the most likely early-anaphase target
of Cdh1. We have also confirmed that Aurora A is required to
mediate the effects of Cdh1 knockdown early in anaphase by
simultaneous depletion of Cdh1 and Aurora A. Therefore, we
propose that Aurora A is the target of the APC/C in early
anaphase that is important for reorganizing the spindle at
this time.
Our studies of the endogenous Aurora kinases in fixed cells
argue that pathways regulated by both kinases are likely to be
modulated by APC/CCdh1 during exit from mitosis. First, we
confirm that stabilized Aurora A accumulates on the spindle
poles and correlates with retention of microtubule asters
through to G1 phase. On the basis of our finding that TPX2
localization around centrosomes persists under these condi-
tions, we suggest that Aurora A destruction contributes to dis-
assembly of the asters at mitotic exit. A study of microtubule
behavior during the first zygotic division in C. elegans has
attributed a role to Aurora A in regulating stabilization of astral
microtubules at late anaphase; this stabilization is thought to
be required for inhibition of cortical contraction in the polar
regions of the cells (thereby promoting contraction in the
cleavage furrow) [36]. Our results extend this idea by suggest-
ing that timed targeting of Aurora A by APC/CCdh1 could play
a role in the control of cytokinesis by astral-microtubule
activity.
Second, we find that anaphase localization of Aurora B is
disrupted by Cdh1 knockdown: Consistent with the recent
finding that centromere-associated Aurora B is targeted by
a CUL3-containing SCF ubiquitin ligase [37], we find that
removal of Aurora B from centromeres occurs on schedule.
However, recruitment of Aurora B (or CPC) to the spindle mid-
zone does not occur, leading to increased recruitment of CPC
at the equatorial cortex. This mislocalization of Aurora B might
give rise to early cytokinesis in Cdh1-depleted cells. Indeed,
because we find that midzone localization of Aurora B is not
required for early cytokinesis, it is likely that the essential
role of Aurora B in cytokinesis involves substrates elsewhere
in the cell. Recently published studies of forced, monopolar
cytokinesis (during which a spindle midzone cannot form)
have concluded that Aurora B is a likely mediator of signals
between the microtubules of the anaphase spindle and cyto-
skeletal organization at the cell cortex [38], where candidate
substrates for Aurora B include myosin regulatory light chain
and vimentin (reviewed in [13]). Furthermore, the recent dem-
onstration that inhibition of Plk1 and Aurora B have additive
consequences for cytokinesis [39] provides support for the
idea that the cytokinesis-promoting activity of Aurora B occurs
independently of pathways leading to active RhoA in the
cleavage furrow [40]. Therefore, we propose that the role of
APC/CCdh1 in timing cytokinesis involves regulating Aurora
B-dependent furrowing activity at the equatorial cortex, either
through control of microtubule dynamics involved in deliveringAurora B to the presumptive cleavage furrow or through direct
targeting of Aurora B at the cortex.
In summary, we have found that important roles of the
Aurora kinases in cell division are modulated after anaphase
onset through ubiquitination by the Cdh1-dependent form of
the APC/C. Thus, APC/CCdh1 contributes to mitotic exit and
cytokinesis in human cells.
Supplemental Data
Supplemental Data include eleven figures, Supplemental Experimental
Procedures, and seven movies and can be found with this article online at
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